step of defecation (Exp), which causes mild constipation. We hypothesized that egl-36 regulates muscle exLawrence Salkoff, † ‡ and James H. Thomas* citability and might encode an ion channel, based on * Program in Molecular and Cellular Biology the failure of these mutants to respond to neuromuscular and Department of Genetics agonists, the normal appearance of their muscle fibers, University of Washington and the capacity of their muscle fibers to contract when Seattle, Washington 98195 excited by a laser microbeam (Reiner et al., 1995). In † Department of Anatomy and Neurobiology contrast, mutants defective in the development or func- ‡ Department of Genetics tion of motor neurons respond to neuromuscular agoWashington University School of Medicine nists (Trent et al., 1983) , and mutants defective in the St. Louis, Missouri 63110 development or structure of muscle do not contract their muscles in response to a laser microbeam (Reiner et al., 1995). We have focused specifically on muscle because, Summary unlike neurons, altered muscle excitability leads directly to interpretable phenotypes. Specifically, hyperexcitaMutations in the C. elegans egl-36 gene result in defection of a muscle results in tonic contraction, and reduced tive excitation of egg-laying and enteric muscles.
Introduction subfamily members are by no means identical. One member of the Kv3 subfamily (Kv3.4), for example, inacIon channels have been studied to understand how tivates quickly via a traditional ball-and-chain N-termimembrane electrical properties are determined and regnus mechanism (Rudy et al., 1991; Schroter et al., 1991 ; ulated in excitable cells, and ultimately to assess the role Covarrubias et al., 1994) . of individual channels in determining in vivo behaviors.
For several reasons, it is important to determine the Mutant analysis provides an effective approach to asin vivo functions of potassium channels. First, we would sessing the in vivo contribution of specific ion channel like to know why there are so many potassium channels. genes. In previous work, we characterized mutations in Presumably, different potassium channel subunits are 17 genes that cause defects in the contraction of two chosen for expression in specific excitable cells based or more muscle groups in C. elegans. One of these genes on their precise functional properties, but the rules unis egl-36. Two semidominant putative alleles of egl-36, derlying such choices are unclear. Second, in the effort called n728 and n2332, have been identified previously to understand the neuronal origin of behaviors, we need (Trent et al., 1983; Reiner et al., 1995) . The two alleles to understand how these channels participate in cell are phenotypically similar and cause reduced egg-laying excitability in the context of the whole organism. This muscle and enteric muscle contraction. In adult herunderstanding has been greatly aided by studies in Dromaphrodites, these defects in muscle contraction result sophila, where many behavioral mutants have been in an inability to lay eggs (Egl), which causes hermaphrolinked to potassium channel genes (Benzer, 1973 ; Gandites to retain eggs in their gonad, and a decreased etzky et al., 1995) . Third, a flurry of studies on human ability to contract enteric muscles during the expulsion diseases, including several forms of cardiac dysfunction and one form of ataxia, have recently associated mutations in potassium channel genes with disease phenotypes (Adelman et al., 1995; Curran et al., 1995; Wang § These authors contributed equally to this study. In Table 1a , egg-laying rate was measured on animals staged by picking L4 larvae at the half-moon stage, an ‫3ف‬ hr period of development when the differentiating vulval region appears as a half moon using a dissecting microscope. After 24 hr, adults were picked to separate plates, allowed to lay eggs for 3 hr at 20Њ, and then removed. Eggs laid were counted using a dissecting microscope. Data are expressed as mean Ϯ s.d. *When counted, 100% of n728 mutant progeny were L1 larvae instead of eggs, and 40% of n2332 mutant progeny were L1 larvae. Defecation cycles were scored in young adults staged by the presence of 5-10 eggs in the gonad using a dissecting microscope. All defecation cycle data were gathered at 20Њ using a computer program to record events (Liu and Thomas, 1994) . In Table 1b , heterozygotes were made by mating dominant egl-36 males to the appropriate hermaphrodites (see Experimental Procedures). The data for dominant homozygotes in Table 1b is duplicated from 1a to facilitate genotypic comparisons. Differences between genotypes were assessed by grouping data into cycles with or without enteric muscle contractions and applying Fisher's exact test. Significant differences are: n728/ϩ from n728/ n728 (P ϭ 0.0003); n728/sa577 from n728/n728 (P ϭ 0.03); n728/sa629 from n728/n728 (P ϭ 0.006); n728/sa630 from n728/n728 (P Ͻ 0.001) and from n728/ϩ (P ϭ 0.002); n728/sa631 from n728/n728 (P Ͻ 0.0001) and from n728/ϩ (P ϭ 0.02); n2332/ϩ from n2332/n2332 (P Ͻ 0.0001); n2332/sa577 from n2332/n2332 (P ϭ 0.006) and from n2332/ϩ (P Ͻ 0.0001); n2332/sa629 from n2332/n2332 (P ϭ 0.002) and from n2332/ϩ (P Ͻ 0.0001); n2332/sa630 from n2332/n2332 (P Ͻ 0.0001) and from n2332/sa577 (P Ͻ 0.0001); n2332/sa631 from n2332/n2332 (P Ͻ 0.0001), from n2332/sa577 (P Ͻ 0.0001), and a not significant difference from n2332/ϩ (P ϭ .06), n728/n2332 from n728/n728 (P ϭ 0.006) and from n2332/n2332 (P ϭ 0.003). et al., 1996) . It is important to understand how these the positive charges in S4 (Plannells-Cases et al., 1995; Seoh et al., 1996) . Present models for channel opening potassium channels function, how mutant channels cause disease, and how drug therapy might treat (or suggest that multiple cooperative voltage-dependent steps in the tetrameric channel precede a voltage-indecause) these syndromes. This effort currently relies on how accurately we can predict in vivo function from pendent transition (Hoshi et al., 1994; Zagotta et al., 1994a Zagotta et al., , 1994b . The subsequent voltage-independent the properties of channels observed in heterologous systems. Although the combination of pharmacological steps of channel opening are less well understood (Hoshi et al., 1991; . specificity and channel properties has allowed many in vivo currents to be correlated to specific channel subWe report egl-36 potassium channel mutations that cause strong behavioral phenotypes in C. elegans, and units Salkoff, 1995a, 1995b) , some recent predictions of function based on channel properties we describe molecular and electrophysiological properties of the mutant channels that can explain these phehave been revised when additional complexities were revealed (Krapivinsky et al., 1995; Barhanin et al., 1996;  notypes. The egl-36 mutations are found in surprising locations and suggest new functional roles for the Smith et al., 1996) .
Structure-function relationships in six transmem-N-terminal cytoplasmic and S6 domains. Moreover, this study illustrates the use of C. elegans for investigating brane domain potassium channels have been investigated extensively (Sigworth, 1993) . Subunits of these how potassium channels contribute to behavior and how mutated potassium channels alter normal behavior. potassium channels form tetramers through their N-terminal cytoplasmic domains (Li et al., 1992; Shen and Pfaffinger, 1995) . The potassium ion-selective pore is Results formed in part by the P domain, located between membrane spanning segments S5 and S6 (Heginbotham et Mapping and Cloning egl-36 Previous work showed that the dominant mutations al., 1994). Voltage sensitivity arises in part from several positively charged amino acids in the fourth transmemn728 and n2332 cause defects in the contraction of enteric and egg-laying muscles (Trent et al., 1983 ; Reiner brane domain (S4) (Papazian et al., 1991; Aggarwal and MacKinnon, 1996; Mannuzzu et al., 1996) . The first et al., 1995) . As shown in Table 1a , these defects in muscle contraction are strong but incomplete. We found through third transmembrane domains (S1-S3) also contribute to voltage dependence by virtue of charge interthat egg-laying rate in n728 and n2332 homozygotes was reduced ‫-01ف‬fold from the wild type (WT) (Table  actions between acidic residues in these domains with 1a), and that eggs were laid by these mutants at a later first residue of the GYG sequence in the pore domain, which confers potassium selectivity (Heginbotham et stage of development than in the WT (Table 1, legend) . The defect in contraction of enteric muscles was also al., 1994). This same change was made in the Shaker potassium channel and was found to prevent ionic constrong but incomplete (Table 1a) . The defecation motor program in C. elegans occurs every 45 s (Thomas, 1990) ductance in vitro (Heginbotham et al., 1994) . sa631 changes serine 424 to leucine in S6 ( Figure 1B ). This and is initiated by contraction of the posterior body-wall muscles followed by contraction of enteric muscles to residue is serine or alanine in all members of the Shaw subfamily ( Figure 1B and Wei et al., 1996) . In summary, expel gut contents. The frequency with which an enteric muscle contraction (EMC) follows each posterior bodywe reverted the Egl phenotype of two semidominant egl-36 mutations and found four intragenic loss-of-function wall muscle contraction (pBoc) can be used to measure the severity of EMC defects (Thomas, 1990) . The WT mutations including one probable null mutation. The correlation of phenotypes with mutations in the coding has 100% EMCs, whereas n728 and n2332 have 24% and 23% EMCs, respectively (Table 1a) .
region demonstrates that n728 and n2332 are allelic and that egl-36 encodes this Shaw-type voltage-gated We hypothesized that dominant, gain-of-function mutations in a potassium or chloride channel could cause potassium channel. excessive inhibitory ionic currents and account for the defects in enteric and egg-laying muscle contraction n728 and n2332 Are Gain-of-Function Mutations (Reiner et al., 1995) . To test this hypothesis, we sought
We investigated the nature of the dominant mutations to clone the gene(s) identified by n728 and n2332. These in egl-36 by measuring defects in enteric muscle conmutations, in addition to their similar phenotypes, were traction in gene dosage experiments. Because of their found to map to a similar interval on the X chromosome, proposed tetrameric structure, potassium channels suggesting they could be allelic (Trent et al., 1983;  Reiner have the potential for subunit interactions, which we et al., 1995). To facilitate positional cloning, we further can assess by examining the activity of dominant hetrefined the map position of both alleles (see Experimen- erozygotes. Different heteroallelic combinations vary in tal Procedures). Both n728 and n2332 continued to map phenotypic severity, which we interpret as resulting from to a similar small interval. Sequence information from differences in subunit composition and changes in chanthe Genome Sequence Consortium predicted a voltagenel activity in vivo. We found that n728 and n2332 behave gated potassium channel of the Shaw subtype (R07A4.1) genetically like gain-of-function mutations. To begin in this interval, a good candidate for our hypothesized with, both dominant alleles are stronger as homozygotes inhibitory channel.
than as heterozygotes in trans to a WT allele or loss-ofBy sequencing bulk polymerase chain reaction (PCR) function alleles (Table 1b ), indicating that the phenotype products amplified from mutant genomic DNA, we idencaused by these dominant alleles is dose sensitive (for tified one mutation in the coding region of this potassium instance, compare lines 1-3; for simplicity, we refer to channel in each allele: n2332 has a missense mutation each revertant allele only by its loss-of-function mutain the predicted seventh exon and n728 has a missense tion). In addition, the dominant activity of n2332 appears mutation in the predicted fifth exon. Sequencing of all to be stronger in trans to the putative null allele, sa577, coding regions and all but the two largest introns (Figure than to WT alleles (Table 1b , lines 2 and 3). This result 1A) did not identify additional mutations. These findings indicates that WT alleles antagonize n2332, a common suggested that n728 and n2332 are allelic and that eglcharacteristic of gain-of-function mutations. This antag-36 encodes this potassium channel (Figure 1) . onism may result from coassembly of n2332 subunits To further test these identities, we isolated intragenic with WT subunits, producing channels in which only loss-of-function mutations in egl-36 by reverting the Egl some subunits are dominantly mutant. In contrast to phenotype of each dominant allele. From mutagenized n2332, n728 was not strongly antagonized by WT alleles: n2332 parents, we isolated two linked, non-Egl revern728/sa577 heterozygotes had 38.0% EMCs, while tants called sa577 and sa629. Both alleles coreverted n728/ϩ heterozygotes had 47.0% EMCs (Table 1b) , a the enteric muscle contraction defect (Table 1a) , showsmall difference that was not statistically significant. It ing that the n2332 defects in both tissues are caused is possible that heteromeric channels assembled from by mutations in one gene. Sequencing genomic DNA WT and n728 mutant subunits have gain-of-function from these revertants confirmed that the n2332 misproperties similar to homomeric channels composed sense mutation remained and in each case one addionly of n728 mutant subunits. Finally, we can conclude tional mutation was found. sa577 creates an ochre stop that the dominant alleles are not acting as dominant codon before the predicted first transmembrane domain negatives. If this were the case, n728/ϩ and n2332/ϩ ( Figure 1B) , and therefore sa577 is most likely a null (Table 1b) would have reduced gene activity relative to mutation. sa629 creates an ochre stop codon in the the WT and would phenotypically resemble the loss-ofpredicted extracellular loop between the fifth transmemfunction alleles (Table 1a) , which clearly is not the case. brane domain (S5) and the pore segment ( Figure 1B) .
Our gene dosage analysis also indicates differences From mutagenized n728 parents, we isolated two linked in gene activity among the revertant alleles. One of our revertants of the Egl and Exp phenotypes, sa630 and four revertant alleles, sa577, is a likely null ( Figure 1B ). sa631 (Table 1a) . Sequencing PCR products of genomic Assuming this is a null allele, we can examine whether DNA from these revertants confirmed that the parental the other revertant alleles differ from the null allele and n728 missense mutation remained and one additional from the WT allele. sa577 and sa629 do not antagonize missense mutation was found in each revertant. sa630 substitutes glutamate for glycine 408 (Figure 1B) , the the dominant activity of n2332 ( suggesting that sa629 has reduced gene activity benot appear to substantially affect egg-laying muscle excitability. cause it behaves similarly to sa577. (This comparison cannot be made in trans to n728 because the putative Some egl-36 revertant alleles caused subtle, though apparent, phenotypes. sa630 and, to a lesser degree, null allele does not differ significantly from the WT allele, Table 1b ). In contrast, sa630 and sa631 antagonized the sa629 laid eggs at an earlier stage of development than WT (Table 2 ) and appeared to retain fewer eggs within dominant activity of n2332 and are therefore not null alleles. In fact, the antagonism of n728 by sa630 and their gonads (data not shown). These results suggest that sa629 and sa630 cause hyperexcited egg-laying sa631 was greater than the effect of the WT allele, and this effect may also apply to n2332, but the differences muscle. Since these are probably not null mutations, it is possible that these mutants form channels with altered were not significant (Table 1b , lines 2, 5, and 6). Electrophysiological evidence in Xenopus oocytes suggested ionic conductance, or that they heteromultimerize with other channel subunits. that Shaker subunits with the same amino acid change as sa630 (pore GYGϾEYG) are not expressed (Heginbotham et al., 1994) ; similar effects of this mutation in Gain-of-Function egl-36 Mutations Produce egl-36 should result in a null allele. The differences in the Potassium Channels Altered in Voltage apparent effect of the GYGϾEYG substitution in Shaker Dependence of Activation and Shaw channels may reflect differences in the chanWe characterized the channel properties of WT and munels, or differences in the effects of this substitution tant EGL-36 subunits by two-electrode voltage-clamp when analyzed in heterologous systems rather than experiments with the Xenopus oocyte expression sysin vivo.
tem. WT EGL-36 produced voltage-dependent potassium currents reminiscent of Drosophila Shaw currents (Wei et al., 1990) . Activation kinetics were complex and
Phenotype of Loss-of-Function Mutations in egl-36
Since gain-of-function mutations in egl-36 appear to slow, requiring up to 1 s to achieve steady-state amplitudes ( Figure 2A ). In addition, we found that large depodecrease the excitability of enteric and egg-laying muscles, we tested whether egl-36 loss-of-function (lf) mutalarizations were required to activate WT channels, as reflected by a relatively depolarized half-maximal activations increase the excitability of these muscles. Because both WT and egl-36(lf) mutants are 100% EMC (Table  tion voltage (V1/2) of ϩ63 mV ( Figure 2B ). Intrinsic voltage sensitivity was low, as reflected by a shallow slope (28 1a), increased excitability cannot easily be assessed in these muscles, so we examined egg-laying behavior.
mV/e-fold change in conductance) of the conductancevoltage (GV) relationship (Table 3) , which might be ex-WT hermaphrodites in the presence of food retain eggs for a characteristic time before laying them. Thus, the pected from the small number of charged residues in S4 ( Figure 1 ). Only ‫%4ف‬ of available WT channels are stage of embryogenesis of newly laid eggs is a measure of egg-laying activity. Eggs from WT or mutant adult opened at a membrane potential of 0 mV, and maximal conductance is not reached until potentials of ϩ150 mV hermaphrodites of similar age were harvested every 10 min and examined with Nomarski optics to assess their ( Figure 2B ). To test the nature of the mutant egl-36 alleles, we stage. Early in embryogenesis, eggs were easily staged by counting the number of cells, and estimates were introduced the missense mutations identified in n728 and n2332 into the egl-36 cDNA. The first mutation exmade for later stages of development (Experimental Procedures).
amined was egl-36(n2332), which results in the single amino acid substitution of serine for proline 439 (P439S) We found that the putative null mutant, egl-36(sa577), laid eggs at a stage of development similar to the WT in S6 ( Figures 1B and 4 ). This proline is completely conserved in all members of the voltage-gated potassium ( Table 2 ). The rate of egg-laying in sa577 was also similar to WT (Table 1a) , and sa577 appeared to accumulate channel family (Wei et al., 1996) . We observed two effects of the EGL-36(P439S) substitution. First, we found similar numbers of eggs within their gonad as WT (data not shown). No other phenotypes for sa577 were appara large Ϫ51 mV hyperpolarizing shift in the V 1/2 of channel activation to ϩ12 mV ( Figure 2B ). Second, we observed ent. By these measures, loss of egl-36 function does Freshly laid eggs from staged adults were harvested every 10 min and examined using Nomarski optics to assess egg developmental stage. Hermaphrodites were staged by picking 10-12 L4 larvae at the half-moon stage, and all assays were performed between 24 and 36 hr later.
Either by Chi-squared analysis of the above categories, or by grouping the results into eggs laid before gastrulation or eggs laid at later stages and applying Fisher's exact test, there is no significant difference between the wild type and sa577 or sa631, but there is a significant difference between the wild type and either sa630 or sa629 (P Ͻ 0.0001 with each test for both genotypes). 
a dramatic increase in the rate of activation (Figure 2A ). affecting the same or separate processes. To address In response to voltage steps, current amplitudes rethis question, we constructed the double mutant EGLquired Ͻ‫51ف‬ ms to achieve steady-state levels, the time 36(P439S, E142K). The G-V relationship of the double resolution of the voltage clamp. The mutant channel mutant was shifted further than in either single mutant had no change in the slope of the G-V relationship, ( Figure 2B ). The V1/2 of the double mutant was Ϫ5 mV, suggesting that the voltage operating range but not the which is distinctly more negative compared to either intrinsic voltage sensitivity is affected by this mutation.
single mutant (P439S V1/2 ϭ ϩ12 mV; E142K V1/2 ϭ ϩ25 The second mutation examined was egl-36(n728), mV) but is less than the simple sum of the G-V shifts in which results in the substitution of lysine for glutamate the single mutants. The double mutant had rapid activa-142 (E142K) at a site in the amino-terminal domain (Fig- tion kinetics identical to P439S (Figure 2A ), and the slope ures 1B and 4). This glutamate is an acidic residue in of the G-V relationship was unaffected ( Figure 2B ). all Shaw channels but is unconserved in other subfamilies of voltage-gated potassium channels (Wei et al., 1996) . Similarly to EGL-36(P439S), we found that E142K
Expression of an egl-36::gfp Fusion shifted the V1/2 of channel activation to ϩ28 mV, a shift Based on the resistance of egl-36(gf) mutations to eggof Ϫ35 mV relative to WT ( Figure 2B ). However, EGLlaying neuromuscular agonists, we have hypothesized 36(E142K) did not alter the rate of channel activation that egl-36 acts in the egg-laying muscles (Reiner et al., ( Figure 2C ). As with EGL-36(P439S), the slope of the G-V 1995). Such agonists have not been reported for the relationship was unchanged, suggesting that voltageenteric muscles, so egl-36 could act in either enteric sensitivity is unaffected. muscle or neurons that regulate enteric muscle (Reiner We found that the activation kinetics of WT and EGLet al., 1995) . To further test the site of egl-36 function, 36(E142K) channels were complex and could be dewe created egl-36::gfp transgenes to examine the exscribed as the sum of three equally weighted exponenpression pattern in vivo. To most closely approximate tials, with time constants of ‫053ف‬ ms, ‫07ف‬ ms, and ‫51ف‬ a normal genomic context, we inserted the gfp coding ms (Table 3) . Fitted time constants and their associated region in-frame into exon 9 of egl-36 (halfway into the weighting parameters were constant over nearly the en-C-terminal cytoplasmic domain) on a cosmid derivative tire voltage operating range of both channels (Figures that retains over 13 kb of 5Ј sequence, the entire 10.5 2C and 2D). The surprising lack of voltage dependence kb gene, and over 3.5 kb of 3Ј sequence (Figures 1A of these activation parameters can be illustrated by and 1B). overlaying current traces evoked at low and high potenTransgenic worms expressing this fusion had GFP tials, scaled to final maximal amplitude ( Figure 2E ). fluorescence in uterine and vulval muscles, in the enteric Therefore, voltage-sensing steps leading to activation motor neurons AVL and DVB, and in several additional must not be measured by these kinetic parameters. One neuron classes (Figure 3) . No expression was evident possibility is that the observed activation kinetics of in any known egg-laying motor neurons or any of the EGL-36 channels reflect voltage-independent transienteric muscles. Expression in the egg-laying muscles tions late in a sequential activation process (Figure 4) . was first seen in young adults and increased with age. In summary, we found that the shared property of both Vulval muscle expression was more evident than uterine egl-36 gain-of-function mutations was a large negative muscle expression, perhaps due to the anatomy of the shift in the half-maximal voltage dependence of activathin uterine muscles. Expression in the enteric motor tion. We hypothesize that in vivo, these mutant channels neuron AVL was first seen in L1 larvae, while expression are open at more negative voltages than WT channels in the motor neuron DVB was first seen in L2 larvae, and thus diminish excitation. Expression of egl-36::gfp in these cells is sufficient to explain the egg-laying and defecation phenotypes caused by egl-36 gain-of-function mutations. We suggest that mutant EGL-36 channels are expressed in egglaying muscles (Figure 3 ) and that these channels are opened at more negative potentials ( Figure 2B ), possibly to some extent at resting potential. The resulting increase in potassium conductance opposes muscle excitation and prevents egg-laying muscle contraction, causing an Egl phenotype. Similarly, for the defecation phenotype, we suggest that mutant EGL-36 channels are expressed in the enteric motor neurons AVL and DVB (Figure 3 ) and act in a similar manner to oppose motor neuron excitation, which reduces stimulation of enteric muscles. Consistent with this interpretation, killing the enteric motor neurons AVL and DVB prevents enteric muscle contraction (McIntire et al., 1993) .
The expression of egl-36 in the enteric motor neuron AVL suggested that gain-of-function mutations in egl-36 should cause an additional phenotype: AVL is a bifunctional neuron that, in addition to stimulating enteric muscles, is required for the anterior body wall muscle contractions (aBoc) that just precede the expulsion step of defecation (McIntire et al., 1993) . Thus, if egl-36 gainof-function mutations reduce AVL activity, then mutants should have reduced aBocs. As predicted, we found that both n728 and n2332 frequently missed aBocs and that this phenotype was also reverted by sa577 (Table  4) . Moreover, activation of aBoc and EMC in the egl-36(gf) mutants was correlated (Table 4 , column 4). For example, 35 of 35 EMCs scored in egl-36(n2332) were preceded by an aBoc, far more than predicted by no association. This correlation is consistent with intermittent AVL activity being responsible for occassional contractions of both enteric muscle and anterior body wall (Mello et al., 1991) . Alternatively, the insertion of GFP into the C-terminus could alter channel function, causing a dominant
The frequency of aBocs observed in n728 and n2332 differs signifiphenotype.
cantly from the wild type and the n2332 sa577 revertants by Fisher's exact test (P Ͻ .0001). In n2332, when EMCs did occur, they were always preceded by an aBoc (column 4). In n728, EMCs were prewas evident in L1 or L2 stage larvae and subsequently ceded by aBocs more often than expected at random, but the correchanged little, but expression in the distal tip cells was lation was less robust than with n2332.
not observed until the adult stage (data not shown).
but little direct evidence exists about their functions 1997). These properties raise the possibility that mutants lacking one potassium channel subunit can still form in vivo. We report here the identification, phenotypic analysis, and electrophysiological characterization of C.
relatively normal channels from homomultimers of the remaining subunit. Although the regulation and precise elegans Shaw mutants.
characteristics of such homomultimeric channels would differ from the native heteromultimers, these changes Dominant and Loss-of-Function Mutations might not result in grossly evident phenotypes. One notable aspect of our results is the dramatic differIn contrast to the egl-36(lf) mutations, egl-36(gf) mutaence in the phenotypes caused by dominant egl-36 mutions cause dramatic phenotypes. Gene dosage experitations and those caused by recessive mutations. Domiments using the loss-of-function alleles conclusively nant egl-36 alleles cause severe egg-laying and enteric demonstrate that the dominant alleles of egl-36 are not muscle defects, and it was on the basis of these defects the result of dominant negative activity, but instead rethat the gene was identified (Trent et al., 1983 ; Reiner sult from gain of an altered function. Our electrophysioet al., 1995) . By isolating intragenic revertants of these logical analysis of Shaw channels formed by WT EGL-36, dominant egl-36 alleles, we have identified several loss-EGL-36(E142K), and EGL-36(P439S) subunits supports of-function alleles of egl-36, including one putative null these conclusions. Both substitutions resulted in dramutation that truncates the channel before the transmatic hyperpolarizing shifts in the voltage dependence membrane domains. This early truncation allele causes of channel activation, and in addition, the P439S substino gross behavioral defects that we have detected.
tution increased the rate of channel activation. The hyWhy does loss of egl-36 function cause so little phenoperpolarizing shift in the voltage dependence is the comtypic effect? We cannot currently provide a definitive mon property of the two substitutions and is sufficient to explanation, but we speculate that the lack of a strong explain the in vivo phenotypes caused by the mutations phenotype is a consequence of the multiplicity of potasn728 and n2332. sium channels that appears to exist in C. elegans. In other organisms, voltage-gated potassium channels fall Multiple Ways to Shift Voltage Dependence into at least seven subfamilies. With ‫%07ف‬ of the C.
The results from this study reinforce the notion that elegans genome completed, the Genome Sequencing multiple determinants contribute to setting the voltage Consortium has identified at least one gene that is dependence of potassium channel subunits. We define closely related to each of these seven subfamilies (Wei voltage dependence here as the voltage of half-maximal et al., 1996) . Multiple genes within each subfamily often conductance (V 1/2 ), which, together with the slope of express channels with grossly similar electrophysiologithe GV relationship (voltage sensitivity), determines the cal properties, many of which can form channels as voltage operating range of the channel. The substitution homo-or heteromultimers with other subfamily mem-P439S shifted the V 1/2 by Ϫ51 mV, and the substitution bers (Wei et al., 1990) . For the Shaw subfamily, the E142K shifted the V 1/2 by Ϫ35 mV. When both substituGenome Sequencing Consortium has identified three tions were present on the same subunit, the shift in V 1/2 distinct genes that probably encode four distinct Shawwas Ϫ68 mV, which is partially additive. This result raises like potassium channel subunits (shw-1 is predicted to the possibility that the two substitutions affect separate encode two distinct channel domains that each can be mechanisms. spliced to the same N-terminal cytoplasmic segment).
Structure-function studies have identified a number This wide array of Shaws may exist to allow neurons of sites that affect the voltage dependence of channel and muscles to finely tune the repolarization phase of activation. These include S4 (Papazian et al., 1991 ; Agexcitatory events by expressing different subfamily garwal and MacKinnon, 1996; Mannuzzu et al., 1996) , members. In addition, members of other subfamilies, the S4-S5 linker (McCormack et al., 1991 ; Schoppa et such as Shab and Eag, have the potential to encode al., 1992), and the S1-S3 segments (Plannells-Cases et channels with delayed rectifier-like properties similar to Seoh et al., 1996) . Most mutations at these those of Shaw channels (Wei et al., 1990 ; Bruggeman sites produce depolarizing shifts in V 1/2 , as might be et al., 1993). Thus, each neuron or muscle may express expected for a generic defect that compromises the an array of potassium channels with overlapping electrovoltage-dependent gating mechanism. Mutations that physiological properties and functional characteristics.
result in hyperpolarizing shifts in V1/2 are rare, presumIf this were the case, elimination of just one of the exably because these mutations must specifically enhance pressed potassium channel subunits would only modthe activation mechanism. Our studies reveal two mutaestly alter the electrical properties of expressing cells.
tions that produce hyperpolarizing shifts in V 1/2 , one in S6 Such small alterations might not result in overt phenoand the other in the amino-terminal domain. Mutations in typic consequences.
both of these domains were not previously expected to An alternative explanation of subtle loss-of-function affect the voltage dependence of activation. The funcphenotypes is based on the fact that some potassium tion of S6 was investigated by replacing the S6 from subunits have been shown to form heteromultimeric Shaker with S6 from Kv3.1 (Lopez et al., 1994) . This channels with members of the same subfamily in vivo chimeric subunit created channels with the conduc- (Sheng et al., 1993; Wang et al., 1993) . However, most tance and internal TEA sensitivity of Kv3.1, suggesting subunits that form these heteromultimers can also that S6 contributes to the pore. However, the chimera form functional homomeric potassium channels in vitro had the voltage dependence and kinetics of Shaker, (Christie et al., 1990; Isacoff et al., 1990; Rupperberg et suggesting that S6 did not contribute to these properties. Our discovery that a single amino acid substitution al., 1990; but see Jegla and Salkoff, 1997; Salinas et al., The two gain-of-function mutations alter distinct sites in the EGL-36 potassium channel subunit, P439S in S6 and E142K in the amino terminal domain. These locations are shown on a conceptual subunit protein containing six transmembrane segments, S1-S6, a signature P segment, and an amino-terminal T1 domain that mediates subunit multimerization. EGL-36 channel may employ a gating mechanism similar to that described for Shaker, a structurally related voltage-gated potassium channel. A simplified depiction of the Shaker kinetic scheme is illustrated. Closed channels must transit through multiple voltage-sensitive closed states before undergoing a voltage-independent conformational change from a final closed state to an open state. EGL-36 activation kinetics show no voltage dependence, so they may largely reflect voltage-independent late closed-state transitions. P439S dramatically speeds activation without affecting voltage sensitivity, suggesting that it affects late closed-state transitions. E142K has no effect on activation, nor voltage sensitivity, suggesting that it acts earlier in the pathway.
in S6 affects the properties left unaffected in these doof intersubunit interactions through a structural mechanism also affected by binding with ␤ subunits. This may main-swapping experiments suggests an unexpected role for S6 in voltage dependence and kinetics of activabe energetically analogous to the role of a similarly located domain in cyclic nucleotide-gated channels, tion of Shaw channels. The effect of a mutation in the N-terminal cytoplasmic domain on the voltage depenwhich affects the efficacy of bound ligand in activating the channel (Gordon and Zagotta, 1995; Goulding et al., dence of channel activation is even more surprising, since removal of both N-and C-terminal cytoplasmic 1994; Tibbs et al., 1997). Binding of calmodulin to this region can shift the dose-response curve of the channel domains of Kv2.1 leaves voltage-dependent properties largely unaffected (VanDongen et al., 1990) . . These hypotheses about the action of P439S and E142K are clearly model dependent and do We would like to know how these gain-of-function mutations exert their effects because this may provide not exhaust other possible interpretations. More certain answers must come from further experimental mutageninsight into the normal mechanism of voltage-dependent activation. Since EGL-36 channels are noninactiesis and quantitative kinetic modeling. vating, the activation time course should solely reflect properties of activation. We found that the activation Significance for Other Ion Channels egl-36 is 1 member of a group of at least 17 genes in time course of WT EGL-36 channels displays an unusual lack of voltage dependence, suggesting that the voltage C. elegans that can mutate dominantly to affect muscle or neuron excitability (Reiner et al., 1995) . For several of dependence of conductance results from voltagedependent steps not resolved by the voltage clamp.
these genes, it is known that loss-of-function mutations result in much less dramatic phenotypes (Greenwald One possible interpretation is that EGL-36 activation kinetics largely reflect rate-limiting voltage-insensitive and Horvitz, 1980; Park and Horvitz, 1986; Reiner et al., 1995) . It was hypothesized on the basis of genetic and steps late in a sequential activation scheme (Figure 4 ). P439S dramatically accelerates activation without apphenotypic analysis that many of these genes would encode ion channels or regulators of ion channels parently affecting voltage sensitivity, suggesting that S6 is involved in processes associated with late closed- (Reiner et al., 1995) . The identity of egl-36 supports this hypothesis, and suggests that the pattern of strong gainstate transitions (Figure 4) .
We found that the amino-terminal substitution E142K of-function phenotypes coupled with weaker loss-offunction phenotypes will be a recurrent theme in this did not affect activation kinetics or intrinsic voltage sensitivity but shifted the half-maximal voltage of channel group of genes. Since about half of these genes have only a single dominant allele, mutant screens are clearly activation to more negative potentials. This suggests that the effect of this mutation is not directly associated far from saturated. Because dominant mutations in each of these genes cause readily apparent mutant phenowith transitions within the activation pathway (Figure 4) . The position of this mutation near regions associated types, such mutant screens can be conducted on a large scale, permitting the isolation of more rare gainwith intersubunit association (Li et al., 1992; Shen and Pfaffinger, 1995) , as well as binding by Shaker ␤ subunits of-function alleles.
The pattern of subtle loss-of-function phenotypes in (Sewing et al., 1996; Yu et al., 1996) , suggests a relationship between the electrical force required to activate potassium channel mutants extends beyond C. elegans. In Drosophila, the overt behavioral phenotype of lossthe channel and the internal forces of association within the tetrametric channel complex. It is interesting to note of-function mutations in Shaker or Eag potassium channels is WT. A leg shaking phenotype (Kaplan and Trout, that the Shaker Kv␤2.1 subunit can modestly shift the voltage operating range of Kv1.5 channels in coexpres-1969) is only observed after ether anesthesia. Weaver mutant mice carry a missense mutation in the GIRK2 sion experiments (Heinemann et al., 1996; Uebele et al., 1996) . The n728 mutation may thus destabilize the inward-rectifier potassium channel that results in a variety of overt neurological defects (Rakic and Sidman, closed states of the channel by affecting the strength egl-15 heterozygous hermaphrodites, 12 Unc non-Egl (unc-115/unc-1973; Patil et al., 1995) . However, null mutants of GIRK2 115 egl-15) recombinants were picked, indicating that n2332 maps are grossly WT except for sporadic stress-induced to the left of egl-15. From egl-36(n2332)/unc-115 vab-3 heterozy- seizures (Signorini et al., 1997) . Gene dosage experigous hermaphrodites, Unc non-Vab and Vab non-Unc recombinants ments using the GIRK2 null mutation indicate that the were picked. Progeny testing indicated that recombination events weaver phenotype is due to a gain-of-function mutation had occurred in the following intervals: unc-115 (2/2) vab-3 (5/5) egl-36. Taken together, these data indicate that both n728 and n2332 (Signorini et al., 1997) , possibly because the weaver map to the right of vab-3 and to the left of egl-15.
channel has altered ionic selectivity (Slesinger et al., 1996) . Mutations in the human HERG and KvLQT1 potas- Wang et al., 1996) . Null mutations in Drosophila gain-of-function potassium channel mutations may genshown), indicating that JT6291 does not carry mutations that domierally produce stronger phenotypes and provide useful nantly affect enteric muscle contraction. For n728/n2332 heterozyinformation about potassium channel function. If the gotes, n2332 males were mated to JT6109 dpy-17(e164); eglmechanism of the gain-of-function is known, as we pro-36(n728sd), and non-Dpy progeny were tested. Gene dosage tests pose for egl-36, gain-of-function phenotypes can be a in trans to deficiency were inconclusive since it was unclear whether powerful aid in understanding WT gene function. CharnDf19, the only candidate deficiency for egl-36 region, deletes egl-36 (data not shown). For egg-laying assays (Mendel et al., 1995) , acterization of gain-of-function mutants for other ion counting cell number after the 12 cell stage was based on published channel subunits, isolated either in random mutagenesis photographs and descriptions (Wood et al., 1988) . The categories screens or by creation of transgenic animals expressing "early gastrulation" and "mid-late gastrulation" were ≈100 min and specific gain-of-function alleles, should be an effective 210-280 min after first cleavage, respectively. approach to determining ion channel function in vivo.
Molecular Biology Experimental Procedures
Cosmids TO1C1 and R07A4 were obtained from A. Coulson. E. coli strains used were XL1 Blue and dH5a. To create the egl-36::gfp Strain Propagation fusion, cosmid TO1C1 was digested with AgeI and religated, leaving C. elegans was propagated as described (Brenner, 1974) . The folunique KpnI and SalI sites in the remaining cosmid that flanked the lowing strains were used in this work: WT C. elegans variety Bristol ninth exon. This 4 kb KpnI SalI fragment was subcloned into strain N2, JT6716 egl-36(n728sd), MT6011 egl-36(n2332sd) unc-115(e2225) vab-3(e648), MT3790 unc-115(e2225) egl-15 (n484) , at the ends was generated by PCR from plasmid pPD95.67 (A. Fire, , MT1401 dpy-7(e1324ts) nDf19/szT1 J. Ahnn, G. Seydoux, and S. Xu, personal communication), digested lon-2(e678), JT6760 unc-104(e1265) rol-6(e187) , JK987 tra-2(q276)/ with AatII, and ligated into the 4 kb KpnI-SalI fragment. Following mnC1 dpy-10(e128) uncsequence confirmation of gfp and flanking sequences, the resulting 60(m35), , and CB678 lon-4.9 kb KpnI-SalI fragment was used to replace the endogenous 4 2(e678). Some strains were obtained from T. (Melton et al., 1984) . The long open reading frame and Ca 2ϩ and modulated by cAMP. Nature 365, 445-448. on the cDNA extends 4 nt past the 5Ј end, as inferred by the presence Butler, A., Wei, A., Baker, K., and Salkoff, L. (1989) . A family of in genomic sequence of an ATG initiation codon preceded by a stop putative potassium channel genes in Drosophila. Science 243, codon. For expression in oocytes, these four nt preceded by a Kozak 943-947. consensus translational initiation sequence (5Ј GCC ACC ATG C3Ј) (Kozak, 1987) were added by employing a synthesized oligonucleoChristie, M.J., North, R.A., Osborne, P.B., Douglass, J., and Adelman, J.P. (1990) . Heteropolymeric potassium channels expressed tide adapter to create the WT Egl-36 expression construct.
in Xenopus oocytes from cloned subunits. Neuron 4, 405-411. Mutant constructs were generated by an overlap PCR extension strategy (Horton, 1989 Wasmuth, J.J., Salkoff, L., Gutman, G.A., and Chandy, K.G. (1992) . Capped cRNAs were generated by in vitro translation with T3 RNA Genomic organization, nucleotide sequence, and cellular distribupolymerase (mmMessage Machine, Ambion) using DNA templates tion of a Shaw-related potassium channel gene, Kv3.3, and mapping linearized by NotI. Standard methods for oocyte preparation, injecof Kv3.3 and Kv3.4 to human chromosomes 19 and 1. Genomics tion, and incubation were used (Soreq and Seidman, 1992; Wei et 12, 190-196. al., 1994) . Voltage-clamp records were obtained from oocytes in Gordon, S.E., and Zagotta, W.N. (1995) . Location of regions affecting ND96 at 24ЊC, using a Dagan TEV-200 amplifier. Recording and an allosteric transition in cyclic nucleotide-gated channels. Neuron current injection electrodes had resistances of 0.5-1.0 M⍀, filled 15, 857-864. with 3 M KCl. Records were digitally acquired, low pass filtered at Goulding, E.H., Tibbs, G.R., and Seigelbaum, S.A. (1994) . Molecular 1 kHz, and leak subtracted using Ccurrent (Indec). Data analysis mechanism of cyclic-nucleotide-gated channel activation. Nature was performed with Sigmaplot 2.0 (Jandel Scientific).
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